The anode electrode material is a crucial factor for the overall performance of a microbial fuel cell (MFC). In this study, a plain carbon paper modified with the CNT/MnO 2 nanocomposite was used as the anode for the MFC and a mixed culture inoculum was used as the biocatalyst. The modified anode showed better electrochemical performance than that of plain carbon paper, and Brunauer Emmett Teller (BET) analysis showed the high surface area (94.6 m 2 /g) of the composite. The Mn 4+ in the nanocomposite may enhance the electron transfer between the microorganisms and the anode material which facilitates electron conduction. Additionally, MnO 2 can be used to store electrons due to its supercapacitance, which is comparable to that of the cytochromes present in the outer cell membranes of electrochemically active microorganisms. The MFC with a modified anode produced a maximum power density of 120 ± 1 7 mW/m 2 , while the corresponding current density was 0 262 ± 0 015 A/m 2 at an external resistor of 800 with an open circuit voltage (OCV) of 1 07 ± 0 02 V. The unusually high OCV may be attributed to the high charge density developed on the bioanode by the charge accumulation in the MnO 2 of the bioanode. This study showed that the CNT/MnO 2 nanocomposite can be an excellent anode material for MFC.
INTRODUCTION
Microbial fuel cell (MFC) is a bioelectrochemical system that exploits microbial activity to generate electricity from various substrates. [1] [2] [3] [4] In an MFC; the microorganisms formed on an anode degrade the biomass by producing electrons and protons. Generally, these produced electrons and protons combine with oxygen at the MFC cathode to produce water. Also, MFCs are elegant systems for simultaneous wastewater treatment and bioelectricity generation. 5 6 Even though many studies have been undertaken in the area of MFCs, the electricity production in the MFC is still too low for practical application. 3 Although a number of factors can affect the performance of the MFC, the anode is determinative for the overall performance of the MFC, 7 which warrants anode modification to enhance the power output in the MFC.
In MFCs, plain graphite and carbon based materials are commonly used as anode materials. Their resistivity towards the flow of electrons, however, is typically * Author to whom correspondence should be addressed. 1000 times higher than that of metals. 7 To enhance the catalytic and surface properties of carbon based materials, these materials have been modified with various nanomaterials which has led to considerable improvements in power generation. Carbon nanotube (CNT) have attracted much attention of late in MFCs, as anode materials, due to their excellent conductivity, high surface area, good mechanical properties and chemical stability. [7] [8] [9] Surface modifications of CNT with metal oxides impart low contact resistance and high surface area which makes suitable for efficient electrode development. 10 Recently, CNTs with conducting polymers have been exploited as anode materials for MFCs. 11 12 Although conducting polymers are promising for their high flexibility, they have poor cyclic stability during the charge/discharge processes. 13 14 MnO 2 is a transition metal oxide that has attracted much attention as an electrode material due to its low cost, abundance, high theoretical capacitance and good environmental compatibility. 15 16 The pseudo capacitive behavior of MnO 2 makes it highly suitable for supercapacitors. 17 A great number of publications have been reported in relation to the application of MnO 2 in the development 16 17 MnO 2 exhibits excellent catalytic activity in oxidation-reduction reactions, and it has also been reported that MnO 2 deposited on graphite electrode can be used for detecting hydrogen peroxide, ascorbic acid and nitrite ions. 18 Although it has excellent activity, however unloaded MnO 2 without support suffers from a very low surface area. This problem can be easily overcome by depositing MnO 2 onto a suitable support such as CNT. 16 Recently, much effort have been exerted to deposit nanoscale MnO 2 onto CNTs using a variety of approaches, including physical mixing of the components, thermal decomposition, electrochemical deposition and chemical deposition using precursors such as permanganate. 16 The CNT shortens the transport path length for both the electrons and cations in the MnO 2 by offering a high surface area, porosity and electrical conductivity. 16 In this study, MnO 2 was deposited on a CNT through a microwaveassisted method. Plain carbon paper was coated with the as-prepared nanocomposite, and the latter was used as the anode material for the MFC.
EXPERIMENTAL DETAILS

Synthesis of the Nanocomposite
Multi-walled (CNTs) (> 90%, Aldrich) with 10-50 nm diameter and 0.1-10 m lengths were first surface modified through ultrasonication in a mixture of concentrated H 2 SO 4 and HNO 3 (3:1, v/v) at 45 C for 8 h, and were subsequently centrifuged at 15,000 rpm and then thoroughly washed with deionized water until the decanted solution was neutral. The purified CNTs were dried under vacuum at 40 C for 12 h. 19 CNT/MnO 2 composite was synthesized according to a previous report. 10 In a typical reaction, 0.15 g modified CNTs was dispersed in 50 mL distilled water through 1 h ultrasonication. Then 0.50 g KMnO 4 was added into the above suspension, after which the mixture was stirred for 1 h. The mixture was then heated using a household microwave oven for 10 min at 130 W, and then cooled to room temperature. The composite was collected and washed several times with distilled water and absolute alcohol using a centrifuge, and was then dried at 60 C for 12 h in a vacuum oven. CNT with 57% MnO 2 content was found to be the optimum composition for better MFC performance and this composition was used throughout the study.
Fabrication of Electrode
The fabrication of working electrodes was carried out as described elsewhere. 10 In brief, the as-prepared composite was dispersed with 1 wt% in poly(tetrafluoroethylene) (PTFE) solution. Then a piece of plain carbon paper (not wet-proof, Fuel Cell Earth LLC, 2×4 cm) was coated with the resulting mixture using a spatula, followed by drying at 60 C for 12 h in a vacuum oven.
Characterization of the CNT/MnO 2 Nanocomposite
The crystal structure of the nanocomposite was determined using an X-ray diffractometer (PANalytical, X'Pert-PRO MPD). The infrared (IR) spectrum of the sample in KBr pellets was recorded on an Excalibur Series FTS 3000 (Bio-Rad). The morphology of the sample was determined using a scanning electron microscope (SEM; Hitachi, S-4200). The Brunauer Emmett Teller (BET) surface area of the nanocomposite was measured via nitrogen adsorption (Micromeritics Gemini 2375).
Voltammetric Measurement
Cyclic voltammetric (CV) measurement was performed using a potentiostat (EC Epsicon, USA). All the experiments were carried out with a conventional three electrode system. An Ag/AgCl (saturated with KCl) reference electrode was used for all the measurements. A platinum wire was used as the counter electrode and Na 2 SO 4 (0.5 mM) solution was used as the electrolyte. Nitrogen gas was sparged for 10 min to maintain the anaerobic condition during the CV analysis.
MFC Construction and Operation
A two chamber MFC was constructed as previously described. 20 The MFC consisted of two glass bottles connected with a glass bridge and a Nafion membrane was placed in between the flattened ends of the glass bridge, which were joined with two clamps. A modified plain carbon paper electrode (2 × 4 cm) with CNT/MnO 2 composite was used as the anode and a platinum coated carbon paper (0.5 mg/cm 2 , 2 × 4 cm) was used as the cathode. The MFC was also operated with a plain carbon paper electrode (2 × 4 cm) to compare the performance of the modified plain carbon paper electrode. The anode chamber was filled with artificial wastewater using sodium acetate as electron donor (1 g/L) and a mineral salt medium was also added. 20 The anode was inoculated with anaerobic activated sludge (biogas plant, Paju, S. Korea) to enrich the biofilm at the anode surface and nitrogen gas was sparged for 10 min to remove the oxygen that might have been dissolved from the anode. The cathode chamber was filled with 50 mM phosphate buffer solution and oxygen was continuously sparged using an aquarium pump.
Electricity Measurement
The voltage across the external resistance of the MFC was monitored at 10 min intervals using a digital multimeter (Agilent 34405A, USA). The power density was calculated by varying the external resistance using a variable resistance box. The power (P ) was calculated as P = IV , where I = current and V = voltage and was normalized by the surface area of the anode. The circuit was usually operated under a fixed load of 800 unless stated otherwise.
RESULTS AND DISCUSSION
Characterization of the CNT/MnO 2 Nanocomposite
The typical XRD pattern of the as-synthesized CNT/MnO 2 sample ( Fig. 1(a) ) confirms the presence of carbon and birnessite-type MnO 2 (JCPDS 42-1317) with mixed crystalline and amorphous parts. The broad peaks at 2 at around 37 and 66 can be indexed to the birnessitetype MnO 2 21 22 The FTIR spectrum of the CNT/MnO 2 nanocomposite is shown in Figure 1(b) . The strong peaks of the nanocomposite appearing at the wave-numbers lower than 800 cm −1 were due to the characteristic Mn O stretching in the MnO 2 15 23 The peaks centered at about 3400 cm −1 and 1633 cm −1 are attributed to the O H stretching and O H bending vibrations of the adsorbed water molecules, respectively. 15 This indicates the presence of adsorbed water molecules within the structure of the as-prepared sample. An appropriate content of adsorbed water is favorable for enhancing the diffusion of ions within the active material. 15 BET analysis showed the high surface area of the composite (94.6 m 2 /g) which is beneficial for the bioanode performance of the MFC. Figure 2(a) shows the SEM image of bare CNTs which reveals a regular morphology with smooth walls. It was observed that under the microwave irradiation of the CNTs with KMnO 4 solution, the MnO 2 was well deposited on the CNT surfaces ( Fig. 2(b) ). Also, the SEM image indicates that the cavities of CNTs were filled with MnO 2 , and shows homogeneous CNT/MnO 2 with high crystanility and porosity.
Electrochemical Measurement
CV was used to investigate the electrochemical performance of the CNT/MnO 2 composite modified carbon paper in the 0.5 mM Na 2 SO 4 electrolyte solution. The modified CNT/MnO 2 composite showed a high current response compared to the plain carbon paper indicating that the nanocomposite plays a crucial role in forming an electroactive surface area (Fig. 3) . No obvious distortions in the CV curves for the modified electrode were observed as the potential scan rate increased which reveals a very rapid current response to voltage reversal at each end potential. 10 Also, the box-shaped CV curves show the high capacitance behavior of the nanocomposite and it appears that the CNT in the nanocomposite better facilitates the extraction of energy from the MnO 2 , which results in higher capacitance. 10 Moreover, the high porosity of the nanocomposite provides high electrolytic accessibility for the movement of ions, which is necessary to maintain electroneutrality associated with the capacitor formation.
Electricity Generation
The MFC with plain carbon paper produced a stable power density of 40 ± 1 2 mW/m 2 after three weeks of continuous operation with an OCV of 0 75 ± 0 015 V at 1000 external resistance (data not shown). On the other hand, the MFC with CNT/MnO 2 modified carbon paper produced a power density of 120 ± 1 7 mW/m 2 with a current density of 0 262 ± 0 015 A/m 2 ( Fig. 4) at 800 external resistance after two weeks of continuous operation which is three fold higher than the performance of the MFC with plain carbon paper anode. The OCV that was measured in stable phase current generation was 1 07 ± 0 02 V which is also much higher than that of the plain carbon paper. It was noticed that the internal resistance was reduced from 1000 to 800 when the plain carbon paper anode was replaced with modified CNT/MnO 2 anode. It can be attributed to the fact that the CNT/MnO 2 modified carbon electrode lowers the resistance for the electron transfer between the biofilm and the anode which reduces the ohmic resistance of the anode. It should also be noted that the power density with the nanocomposite is three fold higher than the previous reports, where plain carbon paper was used as the anode. 24 25 The enhanced electricity generation may be due to the high surface area of the modified nanocomposite carbon paper anode as observed in the BET and SEM analyses (Fig. 2(b) ). It is known that the high surface area of the anode is very crucial for the bioanode performance of the MFC as it enables the attachment of a greater amount of microbial biomass on the surface of the anode which typically increases the current generation in the MFC 7 and that the nanocomposite can enhance conductivity of the bioanode. Also, the CV measurements showed the high electrical performance and capacitance behavior of the modified anode electrode which can favor increased conduction of the electrons produced in the anode chamber.
Very recently, it was reported that the superior electrochemical performance of the biofilm is due to the abundance of cytochromes therein, providing a large electron storage capacity and that the cytochromes act as living supercapacitors. [26] [27] [28] [29] [30] [31] The spectroelectrochemistry of a G. sufurreducens strain DL-1 biofilm anode confirmed the redox behavior of the c-type cytochromes by showing distinctive UV-Vis adsorption peaks consistent with oxidized and reduced c-type cytochromes. 32 This indicates that the heme group (Fe) in the cytochromes stores electrons and releases these onto the anode surface. A similar behavior can be shown by MnO 2 by acting as a redox material that stores and releases electrons to the electrode (Mn can usually exist in two oxidation states as Mn 4+ and as Mn 3+ 16 The charge accumulation within MnO 2 does not affect the current production in the MFC due to its excellent discharge property. Ha et al. 30 reported that the capacitance of an inoculated MFC is significantly higher than that of the MFC without inoculation and that the charge transfer resistance in the bioanode is inversely propotional to the capacitance (i.e. an increase in capacitance decreases the electron charge transfer resistance). They were unable to explanation, however, why the capacitance of the inoculated MFC significantly increased compared to the uninoculated MFC. Now it can be assumed that the cytochromes in the biofilm formed via inoculation acted as capacitors. [26] [27] [28] [29] [30] [31] Also, the Mn 4+ in the nanocomposite can enhance the electron transfer between the electrochemically active microorganisms and the anode material. 7 34 Pili also claimed that nanowires that tunnel electrons to the electrode surface may serve as biological "capacitors" waiting to be discharged upon attachment to a metal oxide or to an electrode surface. 28 These evidences clearly indicate that the CNT/MnO 2 nanocomposite enhances the electrical conductivity of the biofilm which is a decisive factor for high current MFCs. 35 Interestingly, it was noticed that the MFC with a modified CNT/MnO 2 bioanode showed an unusually high OCV (1 07 ± 0 02 V) compared to normal MFCs. This high OCV can be explained based on a recent report related with c-type cytochromes. 27 At the OCV mode, MnO 2 accumulates charge within the biofilm matrix which imparts high charge density to the bioanode. In the reported study, when the MFC was connected (closed circuit) after 20 min OCV operation, the MFC produced a higher voltage for a short time (∼ 5 min) compared to normal operation (before the steady state). This short-time excess voltage production for the short time can be attributed to the discharge of the accumulated electrons within the MnO 2 in addition to the metabolic current produced from the acetate. Similarly, c-type cytochromes accumulate electrons during the OCV mode and discharge electrons to the electrode when the circuit is connected. 27 This indicates that cytochromes behave as if they are capacitors like MnO 2 . It can be assumed that the cytochromes and nanowires of the electroactive microorganisms in the outer surface of the biofilm can strongly wire to the anode through the MnO 2 networks as seen in the SEM analysis (Fig. 2(b) ) which can facilitate electron conduction. Also, MnO 2 can act as the charge localizing site.
CONCLUSION
In conclusion, a modified plain carbon paper with CNT/ MnO 2 nanocomposite was employed as the anode material for the MFC. The nanocomposite showed excellent cyclic stability and electrical performance which enhanced the bioanode performance of the MFC. The high surface area and the capacitance of the nanocomposite helped to generate excess current from the MFC. The Mn 4+ in the nanocomposite can promote the electron transfer between the electrically active microorganisms and the anode material. The charge accumulation within the MnO 2 of the nanocomposite cannot affect the current generation in the MFC due to the latter's excellent discharge property. The modified carbon paper with CNT/MnO 2 seems to be a very suitable and promising bioanode electrode material for MFCs with a high power density. This study can be extended to investigate the recent capacitance behavior of c-type cytochromes by comparing it with the capacitance behavior of the CNT/MnO 2 nanocomposite.
